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Altitude, as used in this report, refers to distance above the vertical datum.
Concentrations of chemical constituents in water are given in micrograms per liter (μg/L).
Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Vertical coordinate information is referenced to the National Geodetic Vertical Datum of 1929 (NGVD 29). 
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Introduction
Agriculture is an important part of the economy for the State of Alabama. In 2012, approximately 3.9 million acres of crops were harvested, and $5.6 billion in agricultural products were sold in the State (U.S. Department of Agriculture, 2012). Agricultural pesticides, including insecticides, herbicides, and fungicides, improve crop production by limiting losses to pests such as insects, weeds, and fungi. More than 4 million acres in Alabama were treated with pesticides during 2012 (U.S. Department of Agriculture, 2012) .
Groundwater is an important source of drinking water throughout much of Alabama. In 2005, about 277 million gallons per day (Mgal/d) was withdrawn for public water supply and about 39 Mgal/d was withdrawn for domestic supply (Kenny and others, 2009 ). The potential for activities related to agriculture at the land surface to adversely affect water quality of drinking-water aquifers can be evaluated in part by characterizing the quality of shallow groundwater that may move downward to underlying aquifers used for public supply. In other areas of the United States, pesticides have been commonly detected in shallow groundwater underlying agricultural and urban land use (Gilliom and others, 2006) . The widespread use of pesticides to support agriculture makes responsible management of agricultural pesticide use in the State of Alabama a priority, and monitoring the occurrence of pesticides in groundwater is an important first step in management activities.
The U.S. Geological Survey (USGS), in cooperation with the Alabama Department of Agriculture and Industries, sampled a network of 15 wells for up to 167 pesticides and pesticide degradates from 2009 through 2013 in three areas of intense row-crop agriculture in Alabama. The results of this investigation will provide further scientific data and information on the occurrence, fate, and transport of contaminants in the water resources of the Nation and aid in the evaluation of the vulnerability of water supplies to contamination (Bright and others, 2013; U.S. Geological Survey, 2014).
The three areas selected for this study are underlain by productive aquifers, have high-density row crops, and are located in northern Alabama (Limestone, Madison, and Colbert Counties), southeastern Alabama (Houston, Henry, and Geneva Counties), and Baldwin County in southwestern Alabama ( fig. 1 ). The purpose of this report is to describe the occurrence of pesticides in groundwater samples from wells in these three areas from 2009 through 2013. Occurrence is related to well depth, hydrogeology, and use in each of the three agricultural areas where possible. For temporal comparison, fluometuron, metolachlor, and atrazine concentrations are examined for the five northern Alabama wells from 2000 through 2013.
Hydrogeology
Wells located in northern Alabama were completed in regolith overlying carbonate bedrock that makes up the Mississippian carbonate aquifer (table 1; Kingsbury, 2003) . The regolith is a layer of residual material derived in place from the weathering of the carbonate bedrock and is a mixture of clay, silt, and clay-sized chert with some chert gravel and chert interbeds (Kingsbury, 2003) . Material in the regolith is poorly consolidated, and the aquifer is under water-table conditions (Kingsbury, 2003) .
Wells located in southeastern Alabama were screened in either the Lisbon or the Ocala Limestone aquifer (table 1) . The Lisbon aquifer is composed of glauconitic sand, calcareous clay, and thin beds of siltstone and calcareous sandstone overlain by massive sand, sandy clay, and sandy limestone (Scott and Cobb, 1988) . The Ocala Limestone aquifer is a basal bed of fossiliferous glauconitic sand overlain by calcareous clay overlain by soft coquinoidal limestone (Scott and Cobb, 1988) .
Wells located in Baldwin County were screened in the Miocene aquifer (table 1) . The Miocene aquifer is composed of interbedded gravel, sand, silt, and clay and is confined to semi-confined by interbedded clay units (Robinson and others, 1996) . Soils overlying the aquifer are highly permeable, which allows for rapid infiltration of water (Mooty, 1988) . Table 1 . Characteristics of wells sampled in areas of high-density row-crop production in Alabama, 2009 Alabama, -2013 [Land-surface datum (LSD) is a datum plane that is approximately at land surface at each well. The altitude of the LSD is described in feet above the National Geodetic 
Methods
Five wells in each of the three agricultural areas were sampled during this study once annually from 2009 through 2013 ( fig. 1; table 1 ). During the course of the study, well number 6 in southeastern Alabama was decommissioned; therefore, to maintain the 15-well network, a replacement well (well number 7) was selected for sampling beginning in 2012. The wells were selected based upon several factors, including proximity to row crops, well depth, accessibility, and the existence of comparable pesticide data from previous studies. Domestic water-supply or irrigation wells were sampled in southeastern Alabama and Baldwin County. Site selection and well installation for the monitoring wells located in northern Alabama are outlined in Kingsbury (2003) . The wells in northern Alabama were installed for the USGS National WaterQuality Assessment (NAWQA) Program, have been sampled by NAWQA since 2000, and are periodically resampled as a part of that Program. Selected NAWQA data from these wells are presented in addition to the annual samples collected as part of this study. Well depths ranged from 24 to 310 feet (ft), with a median depth of 100 ft.
Sampling procedures, field methods, and equipment decontamination were consistent with standard USGS procedures set forth in the USGS National Field Manual (U.S. Geological Survey, variously dated). Wells were purged of at least three casing volumes of water and (or) until field measurements of temperature, pH, specific conductance, and dissolved oxygen were stable for three consecutive readings at 5-minute intervals prior to sample collection.
Samples from all wells were submitted to the USGS National Water Quality Laboratory (NWQL), in Denver, Colorado, and analyzed for up to 167 pesticides and pesticide degradates by using either capillary-column gas chromatography/ mass spectrometry with selected-ion monitoring (Sandstrom and others, 2001) or high-performance liquid chromatography/ mass spectrometry (Zaugg and others, 1995; Furlong and others, 2001 ). Samples were filtered through 0.7-micron glassfiber filters and shipped on ice overnight to the NWQL. Once at the laboratory, samples were extracted onto solid-phase extraction columns prior to analysis.
In 2012, as part of additional NAWQA sampling, acetamide herbicide degradates were analyzed in samples from five wells located in northern Alabama. Samples were filtered through 0.7-micron glass-fiber filters and shipped on ice overnight to the USGS Organic Geochemistry Research Laboratory in Lawrence, Kansas. Once at the laboratory, samples were extracted onto solid-phase extraction columns prior to analysis as outlined in Lee and Strahan (2003) .
Some concentrations of pesticides were estimated by the two laboratories. Possible reasons for estimating concentrations are as follows: (1) the concentration was greater than or equal to the long-term method reporting level (MRL) but less than the laboratory reporting limit; (2) the concentration was greater than or equal to the long-term MRL but less than the lowest calibration standard; (3) the result was extrapolated above the calibration curve; (4) data quantification was not performed according to method-specific criteria; (5) performance of the analyte did not meet acceptable method-specific criteria; (6) deviation from the standard operating procedure was required; (7) some moderate losses occurred in sample preparation but were not quantifiable; and (8) moderate matrix interference conditions occurred (Childress and others, 1999) . Estimated concentrations were treated as detections in this study unless the value was lower than the MRL for that constituent. All detected values lower than an established MRL were "censored" and reported as less than (<) the MRL. In addition, during the period of sample collection, MRLs for some of the analytical methods changed. In this report, detection frequencies of each pesticide were calculated with a common MRL (table 2) .
Quality-control data were collected at selected sites during the study period from 2009 through 2013 and included eight field equipment blanks to measure contamination, replicate samples to estimate variability, and field-spike samples to measure recovery of analytes. Analyzed pesticides were not detected in the field equipment blanks. Three field-spikes of pesticide compounds were conducted during the study period. Recoveries in the spiked samples ranged from 89 to 110 percent, indicating no substantial loss of pesticides during transport to the NWQL, no matrix effects, and adequate extraction procedures.
Variability in the sample dataset was quantified by collecting 11 replicates during the study period (appendix 1). The relative percent difference for pesticides ranged from 0 to 5.4 percent, with a median of 0.86 percent. The relative percent difference is computed as
where A represents the environmental sample concentration and B represents the replicate sample concentration.
In two pairs of samples, a pesticide was detected in the replicate sample but not in the environmental sample. Analysis of the quality-control dataset included all detected values, including those below the MRL. 
Pesticides Detected in the Sampled Wells
Twenty-nine pesticides-18 herbicides, 2 fungicides, and 9 degradates-were detected in water from 12 of the groundwater wells sampled during this study (table 2) . A list of pesticides not detected in any groundwater samples collected during the study period can be found in table 3. Results for water-quality analysis of the sampled wells can be found in appendix 2. No pesticides were detected in groundwater from wells 7 through 9 or well 11, all in southeastern Alabama ( fig. 1; appendix 2) . Fluometuron, atrazine, norflurazon, and metolachlor were the most frequently detected herbicides during the 5-year study period. Fungicides were detected in about 8 percent or less of the samples, and insecticides were not detected (tables 2 and 3). The highest concentration measured for any pesticide was a detection of 4.49 micrograms per liter (µg/L) of bentazon at well 15 in Baldwin County (table 2; appendix 2). None of the measured concentrations in any well exceeded a human-health benchmark (table 2) .
Intensity of use and chemical and physical properties of a pesticide are two of the important factors that influence occurrence in groundwater. Glyphosate, atrazine, and metolachlor were the most widely used pesticides in the study area ( fig. 2 ; Stone, 2013); atrazine and metolachlor have been frequently detected in groundwater across the United States (Gilliom and others, 2006) . Atrazine is generally more prevalent than metolachlor in groundwater because atrazine is more persistent with a half-life of 146 days compared to 26 days for metolachlor (Gilliom and others, 2006) . Norflurazon and fluometuron are two herbicides that are used to control weeds in cotton, which is a relatively prevalent row crop in the study area. In addition to the amount of use ( fig. 2) , the frequency of detection is likely related to the fact that norflurazon and fluometuron are both mobile and persistent, which allows for leaching into groundwater long after they have been applied. The half-life of norflurazon in soils ranges from 38 to 731 days, and the half-life of fluometuron in water is 110 to 144 weeks (Cornell University, 2008) .
Degradates are often more prevalent in groundwater than their parent compounds and can be just as harmful as or more persistent than the parent compound (Bergin and Nordmark, 2012) . Three degradates were detected in the annual samples, but only deethylatrazine was detected in more than 5 percent of samples. Deethylatrazine was detected almost as frequently and at similar concentrations as its parent compound, atrazine (table 2).
Effect of Well Depth and Pesticide Use on Pesticide Detections
Frequency of detection and the types of pesticides detected can be related to local hydrogeology and the pesticides used on the specific crops grown in each area. Each of the three agricultural areas are located on relatively flat land, which contributes to less runoff from fields and greater infiltration of pesticides through the permeable soils and unsaturated zones underlying each area. However, well depths in the areas differed greatly. The median depths were 50 ft in northern Alabama, 185.5 ft in southeastern Alabama, and 110 ft in Baldwin County.
Northern Alabama
Twelve herbicides, 1 fungicide, and 3 degradates were detected in water from wells located in northern Alabama ( Amount of atrazine applied, in kilograms 
Southeastern Alabama
Six herbicides and one pesticide degradate were the only compounds detected in water from wells in southeastern Alabama (table 4) , where cotton and peanuts are the predominant crops. The highest concentration of a pesticide was 1.49 µg/L of norflurazon, which is an herbicide applied to cotton. Dinoseb, an herbicide used on peanuts, was the most frequently detected pesticide. All the detected pesticides were in water from two of the shallow wells in southeastern Alabama-wells 6 and 10 (appendix 2). Two pesticides, atrazine and tebuthiuron, and the degradate, deethylatrazine, were detected in water from well 6 (appendix 2). Alachlor, dinoseb, fluometuron, and norflurazon were detected in water from well 10. Although use of metolachlor from 1992 through 2009 was higher in southeastern Alabama ( fig. 3C ; Stone, 2013) than in northern Alabama and Baldwin County, metolachlor was not detected in water from any of the wells in southeastern Alabama (table 4). The lack of metolachlor detection in the wells could be related to greater well depths in southeastern Alabama.
Baldwin County, Alabama
Four herbicides and two fungicides were detected in water from wells located in Baldwin County (table 4). While metolachlor was the most frequently detected pesticide, the highest concentration of any pesticide at any location was 4.49 µg/L of bentazon from well 15 in Baldwin County (appendix 2). This concentration was below the HAL of 200 µg/L for bentazon. The detection of fungicides is not surprising because they are applied annually to peanuts, and Baldwin County is the top peanut-producing county in Alabama (table 1) . From 1992 through 2009, the use of select pesticides in Baldwin County ( fig. 3 ) was generally less than 20,000 kilograms per year, which is less than use in northern Alabama and southeastern Alabama (Stone, 2013) . Metolachlor was used more than the other three herbicides, which could explain its detection in shallow groundwater underlying Baldwin County. Fluometuron use in northern Alabama has declined from a high in 1998 likely because of an increase in use of glyphosate on resistant crops. More than 63 percent of the total glyphosate application in the counties in the study area has been on agricultural lands in the northern Alabama counties (Stone, 2013) . 
Summary and Conclusions
Each year a large amount of pesticides are applied to land in the United States for the control of weeds, insects, and other pests, and agriculture accounts for the majority of the total pesticide usage across the United States. Pesticides have the potential to affect water quality by infiltrating into shallow groundwater, which could influence water quality in deeper underlying aquifers used as drinking-water sources and water quality in nearby streams.
During 2009-2013, the U.S. Geological Survey, in cooperation with the Alabama Department of Agriculture and Industries, sampled a network of 15 wells for a total of 167 pesticides and pesticide degradates in three areas of intense high-density row-crop agriculture in Alabama. Eighteen herbicides, 2 fungicides, and 9 degradates were detected in water from the sampled wells. The highest concentration of a detected pesticide was 4.49 micrograms per liter of bentazon in Baldwin County, Alabama; this concentration was well below the lifetime health advisory level of 200 micrograms per liter. None of the measured pesticide concentrations exceeded a human-health benchmark. Insecticides were not detected.
Detection of pesticides and degradates in water from wells located in the study area reflected the influence of local land use, well depth, and pesticide use in each area. Pesticide use was greater in northern Alabama and well depths were shallower when compared to those in southeastern Alabama and Baldwin County; well depths likely influenced the higher detection frequencies and the greater number of pesticides detected in the shallow monitoring wells in northern Alabama. Common pesticides detected during this study, such as atrazine and metolachlor, are among the most frequently detected pesticides in surface water throughout the United States, and could have an adverse effect on aquatic life.
Use of metolachlor, atrazine, and to a lesser extent, fluometuron, has decreased in northern Alabama with time.
Results from this study indicate that concentrations of these three herbicides have also generally decreased in northern Alabama wells since they were first sampled in 2000. Even though concentrations are decreasing, however, all three herbicides are still frequently detected in groundwater in northern Alabama. Thus, long-term monitoring of the groundwater resources underlying these three areas of Alabama is important because some pesticides have the potential to affect water quality years into the future. 
